INTRODUCTION
The discovery and improvement of programmable nucleases (zinc finger-Fokl nuclease (ZFN), transcription activator-like effector nuclease (TALEN), and clustered regularly interspaced short palindromic repeats (CRISPR)) has brought a new era of gene editing. From ZFN through TALEN to CRISPR system adaptation, site-specific genome modification has been proven possible in many species (Kim and Kim, 2011; Nemudryi et al., 2014; Petersen, 2017; Ul Ain et al., 2015) . In particular, the use of the CRISPR system enabled convenient programming and manipulation of the genome at specific target loci. Target genes can be easily eliminated or corrected, facilitating the development of radical genetic engineering and gene therapy methods (Doudna and Charpentier, 2014; Jung and Lee, 2018; Sander and Joung, 2014) . However, despite the advances in genome engineering technologies, numerous challenges remain to be overcome for achieving higher efficiency and accuracy. For instance, effective transfer of programmable nucleases to living cells, tissues, or organs that contain the target gene is important for genome editing. Critical problems can also arise during the integration of foreign DNA through the double-strand DNA break (DSB) repair pathway: DNA sequence errors might be introduced at target genome sites, or the gene editing rate might be low (Cox et al., 2015) .
The development of methods for delivering programmable nucleases into living cells paved ways for specific gene correction in higher organisms (Cho et al., 2013; Cong et al., 2013; Mali et al., 2013) . These methods broadened the targeting range, thus allowing modification of numerous genes for phenotypic screens. For genome correction by introducing target-specific genetic scissors in various organisms, it is necessary to harness the endogenous cellular DNA repair system. In eukaryotes, DSBs trigger several DNA repair Fig. 1 . A conventional knock-in using homologous gene sequences. For insertion of target DNA sequences into the desired genome locus, a delivery vector contains 500-1000 bp of the left and right homologous nucleotide sequences on both sides of the target genomic locus. The target sequence can be inserted precisely by inducing HDR after endogenous genomic DNA cleavage. The green box indicates the target sequence in the delivery vector system. The arrowhead indicates the DNA cleavage site.
pathways, including homology-directed repair (HDR), nonhomologous end joining (NHEJ), and microhomologymediated end joining (MMEJ), which are orchestrated by many DNA repair proteins (Li and Heyer, 2008; Lieber, 2010; Sfeir and Symington, 2015) . The adoption of programmable endonucleases has made it possible to incorporate exogenous DNA sequences and to specifically remove target genes (Kaiser and Tagwerker, 2005) (Fig. 1) . As different DNA repair pathways may occur simultaneously in a competitive manner, it can be difficult to predict the sequence of the repaired DNA repair site, where mutations could be introduced (Heyer et al., 2010; Shrivastav et al., 2008) . In addition to the technical limitations that stem from the stochastic nature of DNA repair events, it is difficult to regulate programmable nucleases inside living systems.
In this minireview, we describe recent efforts made to overcome these problems by using target-specific endonucleases, including CRISPR. Next, we explain recently reported genome engineering methods for efficient knock-in of exogenous DNA, and we discuss future applications of genome editing technology.
Eukaryotic DSB repair systems Eukaryotes have two major DSB repair processes, HDR and NHEJ, which are relatively well understood. These DNA repair processes work in a mutually exclusive or complementary manner, depending on in-vivo and cellular conditions (Chapman et al., 2012; Li and Heyer, 2008; Shrivastav et al., 2008) .
HDR is mainly activated in the S/G2 phase of the cell cycle in higher organisms. It is initiated through sequential cooperation of various proteins, such as Rad51, Rad52, Rad54, BRCA2, and RPA. The DSB repair process occurs through (1) DNA end recognition and resection, (2) homologous pairing and DNA strand exchange, (3) DNA heteroduplex extension and branch migration, and (4) Holliday junction resolution (Heyer et al., 2010; Krejci et al., 2012) (Fig. 2A) . In this process, the homogenous locus of the sister chromatid serves as the template for repair, so that the DSB locus can be repaired without introduction of mutations.
NHEJ, which is active throughout the cell cycle, involves (1) break recognition, (2) end binding/synapsis, (3) end processing, and (4) ligation. The repair pathway is cooperatively conducted by proteins including Ku70/80, MRE11, Artemis:DNA-dependent protein kinase catalytic subunit complex, and XLF:XRCC4:DNA ligase 4 complex. As the NHEJ pathway lacks template DNA during the cutting and pasting of DNA ends of the DSB, the repair process is intrinsically error-prone, resulting in variable DNA sequence alterations after repair (Deriano and Roth, 2013; Lieber, 2010) (Fig. 2B) .
In addition to the canonical NHEJ (c-NHEJ), an alternative NHEJ process, MMEJ, functions in the G1/early S phase. Unlike the typical NHEJ process, MMEJ repairs DSBs by utilizing microscopic homology sequences in proximity of the DSB (Bae et al., 2014; Sakuma et al., 2016) . MMEJ repair is initiated upon localization of protein components such as PARP1, MRE11, CtIP, and XRCC1:DNA ligase 1 or 3 at the DSB location, and the DSB repair mechanism is similar to that of NHEJ (Fig. 2C) ; each end of the DSB is linked using 0-10 micro-homologous sequences in an error-prone process, and the repair process generally results in deletion of DNA sequences. 
Programmable nucleases: ZFN, TALEN, CRISPR
The development of programmable nucleases has led to great advancements in target binding specificity to induce intended mutagenesis in various organisms (Kaiser and Tagwerker, 2005) . Genome engineering tools can be largely categorized into ZFN, TALEN, and CRISPR systems. ZFN, the first-generation genome engineering effector, was constructed by combining a zinc finger motif, which recognizes DNA sequences, with the FokI nuclease domain (Kim and Kim, 2011) (Fig. 3A) . ZFNs act as genetic scissors, because the dimerization of FokI nuclease domains activates enzymatic target DNA cleavage. TALEN, the second-generation genome engineering effector, was also designed to function as a dimer by connecting a TAL effector-like motif to FokI nuclease domain (Joung and Sander, 2013) (Fig. 3B) . TALEN can cut a wide range of target DNA through a combination of various motifs, thus providing enhanced flexibility compared to ZFN. The third-generation CRISPR system has brought unprecedented efficiency and simplicity to genome editing by utilizing guide RNA to specify the target DNA sequence, which enhances flexibility compared to ZFN and TALEN, both of which require different effector proteins for different target DNA sequences (Hsu et al., 2014) (Fig. 3C ). CRISPR-Cas9 and CRISPR-Cpf1, in protein-RNA complexes, are two examples that show particularly high efficiency in inducing DSBs at target locations. Novel CRISPR programmable nucleases are being searched for in CRISPR loci of various bacterial strains. The expansion of the genome engineering toolbox has enabled targeting multiple DNA sequences simultaneously through combinatorial application of genetic engineering tools with different characteristics (Braff et al., 2016; Esvelt et al., 2013; Najm et al., 2018) .
Methods for efficient knock-in of exogenous DNA in eukaryotes
Genome editing using programmable nucleases has several potential applications, including gene therapy for genetic diseases. Current exogenous DNA knock-in techniques can be divided according to which DSB repair pathway they utilize and how the external DNA is incorporated.
HDR-mediated knock-in
Currently, most knock-in methods utilize HDR to insert external DNA sequences at target loci. However, these methods often suffer from low efficiency. A major obstacle in achieving high efficiency through HDR is that NHEJ dominates the cellular DNA repair pathway, whereas HDR is limited to the S/G2 phases ( Several studies have attempted to increase the efficiency of HDR-mediated gene correction by modulating the nature of cellular DNA repair systems. The research group of Doudna synchronized animal cells at a specific phase using various chemical agents (aphidicolin, hydroxyurea, lovastatin, mimosine, nocodazole, and thymidine) prior to Cas9 RNA-protein complex delivery to maximize HDR efficiency (Lin et al., 2014) (Fig. 4A) . The method produced a mutation rate of up to 38% in synchronized HEK293 cells, which is one of the highest rates reported for HDR-based gene editing.
Gutschner et al. (Gutschner et al., 2016) attempted to maximize HDR efficiency through modulation of the Cas9 protein level according to the cell cycle and direct control of the cell cycle itself. They constructed a fusion Cas9 allele (hCas9-hGem) where the human Geminin residues (aa 1-110) were added to the C-terminus of Cas9, which allowed cell cycle-dependent regulation of Cas9 expression (Fig. 4B) . Geminin-conjugated Cas9 served as a substrate for APC/Cdh1, an E3 ubiquitin ligase complex, which effectively lowered and enhanced Cas9 expression in the G1 and the S/G2/M phase, respectively. The authors reported a 1.42-fold increase in HDR efficiency using this approach. Additional cell cycle control by nocodazole treatment further increased HDR efficiency from 13.8% to 16.2%.
Various studies have aimed to increase knock-in efficiency by modulating HDR and NHEJ, which are mutually exclusive processes (Figs. 4C and 4D ). HDR efficiency can be reportedly increased by blocking NHEJ (Chu et al., 2015; Maruyama et al., 2015) , directly promoting HDR (Song et al., 2016) , or both . Based on a reporterbased high-throughput assay, Yu et al. found that small molecules, such as L755507 and Brefeldin A, could increase HDR-mediated gene correction efficiency (Fig. 4C ) by up to 3-fold for large DNA incorporation and up to 9-fold for 1-bp substitution (Yu et al., 2015) . HDR efficiency could also be enhanced by directly treating cells with small molecules involved in DSB repair. Song et al. reported that RS-1, which promotes RAD51 activity in HDR, increased the genome editing efficiency by 2-5 times, depending on gene targets, in several mammalian systems (Song et al., 2016) . Charpentier et al. reported that direct conjugation of Cas9 to the CtIP motif, which participates in HDR repair, enhanced HDR efficiency by about two-fold. These studies demonstrated that HDR pathway optimization can result in higher insertion efficiency of foreign DNA sequences (Charpentier et al., 2018) . Other approaches focused on the suppression of the NHEJ-mediated pathway in order to accomplish enhanced HDR efficiency. Chu et al. demonstrated that knockdown of KU70, KU80, and DNA ligase IV, which are core proteins 
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involved in NHEJ, led to a shift from NHEJ to HDR. Knockdown of KU70 and DNA ligase IV increased the HDR efficiency by 4-5 times, and the expression of a degradationpromoting protein (AdE1B55K or AdE4orf6) increased HDR efficiency by up to 8 times (Chu et al., 2015) . Maruyama et al. reported that SCR7, an inhibitor of DNA ligase IV, effectively inhibited NHEJ in a mammalian cell line and mice, increasing HDR efficiency by up to 19-fold (Maruyama et al., 2015) (Fig. 4D) . Modification of donor DNA has also been reported to be effective in increasing genome editing efficiency by HDR. Renaud et al. demonstrated that knock-in by single-stranded oligodeoxynucleotides (ssODN) could be facilitated in animal cells by stabilizing the ssODN through phosphorothioate modification (Fig. 4E) , allowing the usage of DNA fragments with shorter-than-usual homology arms (Renaud et al., 2016) . Richardson et al. noted that, in CRISPR-Cas9-mediated DSB, the 3' portion non-target strand at the DNA cleavage site first falls off after DSB, and they designed ssODN with sequence complementarity to the exposed nontarget strand, which led to increased HDR efficiency (Richardson et al., 2016) (Fig. 4F) . They also reported that the HDR effect was increased by up to 60% for active Cas9 and by 0.7% for inactive dCas9. This suggested that HDR efficiency can be improved by delivering well-designed external DNA, with or without chemical modifications. Paquet et al. provided an example of such clever DNA design strategy with donor template (Fig. 4G) , in which exogenous donor DNA (ssODN) contains "blocking sequences" that are mismatch DNA sequences that prevent DNA re-cleavage after knock-in in order to reduce insertion and deletion (indel) formation (Paquet et al., 2016) . If desired, the incorporated blocking sequences can be removed by another round of HDR-mediated DNA sequence replacement. Zhang et al. designed double-cut HDR donors for precise knock-in, which enhanced the knock-in efficiency by about 2-5-fold relative to circular donor plasmid (Zhang et al., 2017) (Fig. 4H) . Chemical conjugation of programmable nucleases and HDR donor templates reportedly increased local concentrations of DNA templates near target sites, resulting in higher knock-in rates (Aird et al., 2018; Lee et al., 2017) (Fig. 4I) .
In addition to modulating the DNA repair pathway and DNA donor, other approaches have been reported. Wang et al. showed that transferring external DNA fragments into cells by integration-defective lentiviral vector (IDLV) increased HDR efficiency by improving the nuclear stability of the foreign DNA (Wang et al., 2017) (Fig. 4J) . Li et al. overexpressed BCL-XL to enhance HDR-mediated knock-in efficiency in induced pluripotent stem cells by more than 20%. BCL-XL overexpression increased cell viability by about 10-fold and was proposed to allow higher expression of Cas9 and sgR-NA in the cells surviving electroporation, which resulted in higher HDR efficiency (Li et al., 2018c) . Recent studies showed that p53 also regulates efficiency of genome editing. Haapaniemi et al. showed that double strand break in genome editing can induce cell damage through p53 pathway (Haapaniemi et al., 2018) . Furthermore, Ihry et al. demonstrated that the efficacy of genome editing can be increased by inactivating p53 (Ihry et al., 2018) .
Recently, Toth et al. and Li et al. reported that efficient HDR can conducted by the type V programmable nuclease Cpf1 (Li et al., 2018b; Toth et al., 2016) . These studies expanded targetable genome sites beyond the limitation of the requirement for the NGG sequence adjacent to the target site, as is the case for CRIPSR-Cas9.
Notably, donor DNA in HDR may not be limited to foreign DNA. A recent study demonstrated that disease-causing mutant alleles can be corrected via recombination between homologous chromosomes (Fig. 4K) . Similar inter-homologous allele-based recombination has also been demonstrated in tomato (Filler Hayut et al., 2017) . These approaches to gene correction, without using exogenous donor DNA, opened new venues for genome editing.
NHEJ-mediated knock-in
It has become clear that achieving high-efficiency knock-in by HDR can be difficult and often requires artificial manipulation of cellular DNA repair systems. Accordingly, various studies have attempted knock-in of external DNA sequences via NHEJ, which is the dominant repair pathway in mammals (Fig. 5A) .
Dai et al. reported that DNA correction could actually be conducted via the NHEJ repair pathway, by micro-injecting reporter DNA into zebrafish (Dai et al., 2010) . ZFN, TALEN, and CRISPR have been applied for genome correction in mammalian systems through NHEJ-directed DSB repair.
Maresca et al. used ZFN and TALEN to efficiently insert foreign genes into specific genes in higher organisms (Maresca et al., 2013) (Fig. 5B ). This technology, named "obligate ligation-gated recombination" (ObLiGaRe), inserts foreign genes by NHEJ, as the target and foreign genes are cut into matching overhang DNA sequence patterns by digestion. Using ObLiGaRe, efficient gene correction at specific DNA locations can be achieved without the requirement of a homology arm for HDR. The efficiency of ObLiGaRe is higher than that of HDR-mediated gene editing. However, ObLiGaRe had the disadvantage that DNA insertion by the error-prone NHEJ process results in frequent indels at 5′ and 3′ junctions. Similarly, Wang et al. demonstrated effective insertion of GFP into the TaMLO gene in wheat protoplasts using TALEN (Wang et al., 2014) . Auer et al. used CRISPR-Cas9 for effective exogenous DNA knock-in into the zebrafish genome through NHEJ instead of HDR; transgenic zebrafish showed a germline transmission rate of up to 31% (Auer et al., 2014) .
More recently, Suzuki et al. reported a CRISPR-Cas9-based knock-in strategy named "homology-independent targeted integration" ("HITI") that enables efficient insertion of external genes into higher organisms without homology arm sequence (Fig. 5C ). This method utilizes NHEJ with clever design of donor template that allows effective DNA insertion in non-dividing cells. The authors reported effective external gene insertion in primary neurons (55.9% of transfected cells) and in neonatal mouse brain (10.6% of transfected cells). Yoshimi et al. demonstrated the usability of ssDNA-mediated knock-in via NHEJ in various organisms (Yoshimi et al., 2016) (Fig. 5D) . They introduced ssODNs with sequences complementary to 5′ and 3′ junctions of the insertion into rat zygotes with target-specific nuclease and donor DNA, resulting in a dramatic increase in knock-in efficiency. The knock-in rate of offspring using this method was 17.6%, whereas the conventional method yielded no knockin off-spring (0%). This method allowed inserting large (200-kb) foreign DNA fragments into specific loci in zygotes (knock-in offspring 6.7%) and rat genes to be completely replaced with human genes (knock-in offspring 4.3%).
In conclusion, NHEJ-based knock-in methods generated promising results; however, the error-prone DNA joining at the junctions remains a major issue to overcome.
MMEJ-mediated knock-in MMEJ, which operates in the G1/early S phase, can be utilized for targeted exogenous DNA knock-in (Fig. 6A) . Recently, Nakade et al. reported an MMEJ-based genome editing method called "precise integration into target chromosome" ("PITCh") (Nakade et al., 2014; Sakuma et al., 2016) (Fig. 6B) . They constructed a plasmid that contained short micro-homologous sequences (5-25 bp) and transferred it into cultured cells, silkworm, or frog embryos, along with TALEN or CRISPR-Cas9. As PITCh takes advantage of MMEJ by recognizing short micro-homologous sequences and works at the G1/early S phase, it can circumvent some of the limitations of conventional HDR-or NHEJ-based genome editing. However, as MMEJ shares some of the technical disadvantages with NHEJ, PITCh also suffers from the indel problems at 5′ and 3′ junctions of DNA insertion sites.
Concluding remarks
Advances in the understanding of site-specific DNA cleavage and repair pathways have facilitated the application of genome editing in various living organisms, including humans. Genome editing tools are becoming available for various purposes, including gene therapy, which raises concerns about potential dangers of unintended DNA alterations, often called off-target effects. Therefore, recent efforts in genome editing research have focused on improving the technology to meet the requirement of stringent standards in efficiency and accuracy. In this minireview, we described recent major advancements in targeted genome editing technologies with increased efficiency and accuracy. CRISPR poses the fundamental threat to precise genome editing of causing undesired mutations at unexpected loci, which sets a formidable hurdle in the application of genome editing, especially in the clinical setting (Egli et al., 2018; Kosicki et al., 2018) . Various attempts are being made to mitigate the offtarget problem (Kleinstiver et al., 2016; Slaymaker et al., 2016; Vakulskas et al., 2018) . Notably, the research group of Liu proposed an interesting solution that enables specific conversion of cytidine to thymine or adenine to guanine at a single-base level, without DSB Komor et al., 2016; 2017) . This approach, utilizing a catalytically inactive form of CRISPR, is a promising evolution in genome engineering technology that might complement current knock-in systems (Kang et al., 2018; Kim et al., 2017; Li et al., 2018a; Liu et al., 2018; Park et al., 2017; Ryu et al., 2018; Zafra et al., 2018) . We anticipate that efforts to improve genome engineering technologies will contribute to the advancement of biological and medical research, and to the development of new therapeutics and gene therapy. 
